The purpose of this review is to present an update of the main mechanisms involved in the physiological regulation of contraction and relaxation of the human umbilical artery (HUA) smooth muscle cells. A literature review was performed based on the analysis of papers available on PubMed. The most important and relevant studies regarding the regulation of the HUA are presented in this article. The vascular smooth muscle is a highly specialized structure, whose main function is to regulate the vascular tonus. This is controlled by a balance between the cellular signaling pathways that mediate contraction and relaxation. The cells responsible for the contractile property of this muscle are the smooth muscle cells (SMC), and an excellent source of these cells is the HUA, involved in fetoplacental circulation. Since the umbilical blood vessels are not innervated, the HUA tonus is modulated by vasoactive substances that regulate the contractile process. The main vasoactive substances that induce contraction are serotonin, histamine, thromboxane, bradykinin, endothelin 1 and prostaglandin F2α, that are linked to the activation of proteins G q and G i/0 . On the other hand, the main vasorelaxation mechanisms are the activation of adenyl and guanil cyclases, potassium channels and the inhibition of calcium channels. The SMC from the HUA allow the study of different cellular mechanisms and their functions. Therefore, these cells are an important tool to study the mechanisms regulating the contractility of this artery, allowing to detect potential therapeutic targets to treat HUA disorders (gestational hypertension and pre-eclampsia).
Introduction
In the vascular bed, the smooth muscle cells (SMC) are the cells responsible for the vascular tonus, responding to several hormonal and hemodynamic stimuli. 1 An excellent source of SMC is the human umbilical artery (HUA) that is involved in fetoplacental circulation. 1, 2 The HUA is a muscular artery of medium caliber that is constituted by three concentric tunics, with different morphologies. 3 From the inside to the outside these tunics are the intima, the media and the adventitia. The tunica media is constituted by the SMC, distributed differently in two layers ( Fig. 1) : internal (inside the muscle bundles) and external (on the outside). 3, 4 The outermost media layer is less defined than the internal, and presents a typical structure characterized by one circular disposition of the SMC. This layer is still of extreme importance since this is where the contractions that lead to the physiological closure of the umbilical arteries originate. 3, 4 In contrast, the innermost media layer has a more wrinkled appearance. Most of the SMC in this layer are disposed linearly or longitudinally (relative to the axis of the artery) and disordered/dispersed in an amorphous fundamental substance poor in elastic fibres. 4 The HUA is easily obtained and, therefore, it is widely used for studies of human vessels [5] [6] [7] [8] although it may not represent the systemic vessels. The main difference between this artery and the systemic vessels is the lack of nerve fibers, 4, 9 and since it is a local physiological regulation of muscle contraction and relaxation, it is independent of nerve regulation. The vascular tonus of HUA depends entirely on vasoactive substances released locally or existing in the circulation, such as serotonin (5-HT), histamine (His) 10 and thromboxane, and of some ions such as calcium (Ca 2+ ) and potassium (K + ). 11, 12 So, the HUA tonus is modulated by endocrine and paracrine mechanisms that regulate the contractile response of SMC. 13, 14 Moreover, these SMC appear to play an important role in the control of fetoplacental blood flow. 2 Whereby it is important to perform cultures of these cells, to investigate molecular and genetic questions related with its contractility and to know also which are the factors that regulate blood flow in the umbilical circulation. That way, it is easier to characterize the cellular mechanisms that regulate the umbilical vessels tonus, being a useful tool in the therapy of some cardiovascular pathologies. Thus, the purpose of this work is to discuss the isolation of SMC from the HUA and to summarize the physiological regulation of contraction and relaxation of HUA SMC.
Isolation of SMC from the HUA
The SMC can be isolated from the artery of the human umbilical cord, as described by several authors that will be approached in this review. One of the first difficulties when performing SMC cultures is to obtain pure cultures, that is, without endothelial cells contamination from the tunica intima and/or fibroblasts of the tunica adventitia. In this sense, to avoid contamination with this type of cells, some authors proceeded to the mechanical removal of the endothelium. 8, 15, 16 The removal of the tunica adventitia is a common practice in the isolation of arteries, [15] [16] [17] [18] [19] however it does not guarantee the total removal of the fibroblasts, since the tunica media presents some portions strictly associated with the adventitia. To solve this problem, some authors remove only the media layer that is in contact with endothelium. 8, 16 In the literature, different methods have been described to obtain primary cultures of vascular SMC. 15, 17, 18 Some authors performed enzymatic dissociations with a mixture of enzymes and with higher times of digestion, 25 min 20 or 150 min, 21 since they did not remove the adventitia and/or endothelium. Several mixtures of enzymes were used by different investigators to break down the connective tissue and release vascular SMC from distinct arteries [17] [18] [19] 22 including a combination of collagenase and elastase, and also papain. On the other hand, other authors have used umbilical artery explants to obtain cultures, thus placing intact pieces of vascular smooth muscle on plates with culture medium, where the cells migrate from the tissue to the surface of the culture dish. 15, 23 Another difficulty in obtaining SMC culture is the multiplicity of phenotypes that can be found, since it is possible to find SMC in the contractile phenotype, in the synthetic phenotype or in an intermediate phenotype. Each phenotype is associated and characterized by alterations in the morphology, proliferation and expression of different proteins, helping in their identification and definition. Cells with synthetic phenotype are characterized by a large proliferative and migratory capacity and a great synthesis activity of extracellular matrix components. 1, 24, 25 The contractile phenotype is characterized by completely differentiated and mature cells, which exhibit a low proliferation rate and synthetic and proliferative activity. The contractile cells express a specific repertoire of contractile proteins, as well as different types of ion channels, enzymes and membrane receptors, which regulate the contractile function. 26 The contractile markers that are used and most widely accepted to differentiate these phenotypes are α-smooth muscle actin (α-SMA), smooth muscle-myosin heavy chain (SM-MHC) and L-type Ca 2+ channels (LTCC). 1, 24, 27, 28 However, ever if several authors have attempted to find a specific marker for the contractile phenotype there is no specific marker yet. 29 Mazza et al. were able to obtain primary cultures of SMC from the HUA and suggested the analysis of endothelial markers and the mesenchymal marker CD10 for their characterization. 19 Other authors obtained pure cultures of SMC, without endothelial cells and/or fibroblast contamination and demonstrated that the culture was pure through the analysis of some expression markers by real-time polymerase chain reaction (PCR) and immunofluorescence. 8, 15, 30 Furthermore, electrophysiology studies using the whole-cell configuration of the patch-clamp technique, allowed to demonstrate that these cells could also be used in electrophysiology studies, since they had functional Ca 2+ and K + channels. 8 Lastly, Rensen et al. and Cairrao et al. demonstrated that, after reaching full confluency and after 24 h in serum-free medium, the cells change to the contractile phenotype. 8, 27 More recently, the transforming growth factor (TGF)-β has been identified as the differentiation factor for this type of cells. 25 In conclusion, primary cultures of SMC can be performed for subsequent studies, namely to study cellular and molecular aspects on the regulation of the vascular function. Even if the SMC from the HUA are quite different from the SMC of other systemic arteries, studies using these cells are very important to analyze several cardiovascular pathologies, such as atherosclerosis, angioplasty restenosis, pre-eclampsia and gestational hypertension.
Physiological Regulation of HUA Contractility
The understanding of all the physiological mechanisms involved in the regulation of fetoplacental circulation is fundamental to clarify the pathological processes of some cardiovascular diseases, such as pre-eclampsia or hypertension.
The contraction of the SMC is controlled by the autonomic nervous system, the endocrine system and by local mediators of paracrine action. The contractile response of the vascular SMC is influenced by numerous vasoactive substances (vasodilators or vasoconstrictors) or by physical stimuli. Generally, the regulation of vascular SMC contractility depends on the modification of the intracellular concentration of the Ca 2+ ion and, normally, the vasoconstrictor molecules act by increasing the intracellular levels of cytosolic Ca 2+ , whereas the vasodilators decrease these levels. However, some vasoactive molecules may also act through sensitization or desensitization of the contractile apparatus of vascular SMC. The concentration of cytosolic Ca 2+ is regulated through the control of Ca 2+ inputs and outputs of the cell and also through their release and capture by the endoplasmic reticulum, being these two components closely related. Thus, this review will also approach the mechanisms currently described for the HUA.
Contraction of SMC from HUA
The HUA contraction depends entirely on vasoactive substances released locally or existing in the circulation, such as 5-HT, [31] [32] [33] [34] [35] [36] 43 ( Fig. 2) . On the other hand, agents such as noradrenaline and angiotensin II do not cause vasoconstriction in these arteries. 35 It is important to note that the effect of some of the vasoactive agents on HUA is endothelium-dependent, as is the case of endothelin 1, which can cause vasoconstriction via endothelin receptors ET A and ET B in the SMC. 41, 42, 44 Activation of the ET B and ET A receptors in these cells seems to be coupled to the Gq protein, which activates phospholipase C (PLC), resulting in an increase in inositol 1,4,5-triphosphate (IP 3 ) levels and subsequent contraction of the vascular smooth muscle. 45 Regarding the bradykinin, another vasoactive agent related with the endothelium, it also induces contraction of the HUA, being this effect dependent on the activation of B2 receptor, 40 which seems to be related with the activation of voltage-dependent Ca 2+ channels and the Na + /K + -ATPase, as well as the inactivation of K + channels. 39 The most potent vasoconstricting agent of HUA is 5-HT, being responsible for the physiological closure of the umbilical artery after childbirth. 35 Its contractile effects are due to the activation of 5-HT 2A receptors and partially due to the activation of 5-HT 1B /5-HT 1D receptors. 46 The 5-HT 2A receptor is coupled to the Gq protein and activates PLC, resulting in an increase of inositol IP 3 levels. [46] [47] [48] [49] [50] On the other hand, the 5-HT 1B and 5-HT 1D receptors are coupled to the Gi/o protein inhibiting adenyl cyclase. 10, 47 In the case of His, the contraction is achieved by the activation of the H 1 receptors, which is coupled to a Gq protein, that activates the PLC/IP 3 signaling cascade, leading to an intracellular increase of Ca 2+ . 10, 46, 51 However, the HUA smooth muscle also expresses another 5-HT receptor (5-HT 7 ) and two other receptors of His (H 2 and H 3 ) that are associated with a Gs protein. The activation of these receptors stimulates adenyl cyclase and leads to vasorelaxation. 10, 36, 46 Concerning the vasoconstriction caused by thromboxane and PGF2α, these two vasoactive agents activate the TPα and TPβ receptors and the FPA and FPB receptors, respectively. It has been shown that these receptors are coupled to a Gq protein, which upon activating the PLC/IP 3 signaling cascade, leads to an intracellular increase of Ca 2+ , and consequent contraction. 52 The increase in intracellular Ca 2+ concentration is the fundamental step in the onset of contraction. Its entry in the cytosol involves a diversity of Ca 2+ channels that can be divided into two groups: (i) voltage operated Ca 2+ channels (VOCC) (that include the Ca 2+ channels of the L-type, T-type and P/Q-type) and (ii) voltage independent Ca 2+ channels, that include receptor-operated Ca 2+ channels (ROCC), store-operated Ca 2+ channels (SOCC) and stretchactivated Ca 2+ channels (SACC). 7, 53 It has been demonstrated that the L-type Ca 2+ channels (LTCC) are determinant for the arterial tonus, whereas the T-type Ca 2+ channels appear to play an important role in the proliferation of the SMC. 54, 55 Since there are no studies elucidating the pathway of the remaining channels in the HUA contractility, further studies are needed on this subject.
The contraction induced by potassium chloride (KCl) is mainly due to the influx of extracellular Ca 2+ , through the VOCC. 11 This effect is partially inhibited by specific antagonists of the L-type Ca 2+ channels (LTCC), namely by nifedipine. 56 The information about the vasoconstriction mechanisms is summarized in Table 1 .
Relaxation of SMC from HUA
The HUA relaxation is the result of decreased intracellular free Ca 2+ concentration, followed by a decrease or loss of the contractile stimulus. However, muscle relaxation may also be due to the removal of Ca 2+ from the cytosol and to the reduction of the sensitivity of the contractile system to Ca 2+ . 57 Normally, the decrease in intracellular free Ca 2+ occurs when this ion is removed from the intracellular medium to the intracellular deposits through the sarcoplasmic reticulum Ca 2+ -ATPase (SERCA) and/or to the extracellular medium, through plasma membrane Ca 2+ -ATPase (PMCA) and Na + /Ca 2+ exchanger (NCX). [58] [59] [60] [61] In HUA, the NCX seems to work in a reverse mode. 62 More recently, it was demonstrated that stromal interaction molecule (STIM) proteins located in endoplasmic reticulum and Orai channels located on the plasma membrane are extremely important in this vascular relaxation process, 61, 63 and have already been identified in HUA. 64 Smooth muscle relaxation can also be caused by a multiplicity of endogenous and exogenous compounds. Generally, the exogenous compounds reduce smooth muscle tonus through different pathways, including the blockade of receptors that induce contraction (e.g. inhibition of the 5-HT 2A receptors), and the inhibition or activation of enzymes/channels that participate in the contractility. Regarding the endogenous compounds, the cyclic nucleotides are considered the mainly responsible for the relaxation. 10, 57, 65 Thus, the increase of cyclic adenosine monophosphate (cAMP) is achieved by activation of a receptor coupled to a Gs protein or by inhibition of a receptor coupled to a Gi/o protein, while the increase of the levels of cyclic guanosine monophosphate (cGMP) is achieved by endogenous vasodilators, such as the nitric oxide (NO). The increase of cAMP and cGMP levels leads to the activation of the protein kinases A (PKA) and G (PKG), respectively, which in turn, reduces the intracellular Ca 2+ concentration and the sensitization of the myofilaments to Ca 2+ in SMC, culminating in relaxation. 65 Concerning the HUA, it has already been demonstrated that increasing cAMP and cGMP levels in SMC causes vasorelaxation, 66 and a study performed by Santos-Silva et al. also demonstrated that vasorelaxation also occurs in HUA without endothelium. 10 Both cyclic nucleotides may still have their levels increased by inhibition of the phosphodiesterases (PDE) -the enzymes that hydrolyze these nucleotides. 65, 67 Santos-Silva et al. demonstrated that SMC from HUA express four PDE: PDE1, PDE3, PDE4 and PDE5. Specifically, it has been shown that PDE4 and PDE5 are the major enzymes involved in the regulation of the relaxation associated with cAMP and cGMP, respectively. 10 The PDE seem to have an important role in cell compartmentalization, being already proposed to be crucial for the existence of different concentrations of cAMP and/or cGMP in distinct locations of the cell. 65, 67 In this sense, Feiteiro et al. analyzed the role of two different vascular subtypes of PDE (PDE3 and PDE5) in the compartmentalization of the cGMP, in SMC from HUA. 68 From this study, the authors demonstrated that vascular SMC are compartmentalized and is regulated by PDE3 and PDE5. 68 Concerning the vascular endothelium, some studies have suggested an important role in the relaxation of the HUA. It was demonstrated that the HUA endothelium expresses the endothelial nitric oxide synthase (eNOS) and can release NO. The NO activates the soluble guanylyl cyclase (sGC) increasing the production of cGMP. 10, 37, 44, 69 The arterial smooth muscle tonus are also regulate by the ion flux. The activation of the K + channels is considered the main responsible for relaxation. 6 In addition to being the most abundant in SMC, K + channels also play a key role in the regulation of resting potential, since they can directly control K + and indirectly Ca 2+ concentrations. 70 More specifically, the activation of the K + channels in the vascular SMC causes a membrane hyperpolarization inducing the close of the VOCC that decrease the intracellular Ca 2+ concentration leading to vasorelaxation. [71] [72] [73] The activation of K+ channels can also be due to some vasoactive substances such as nitric oxide (NO), natriuretic peptides (NP) and prostacyclins that promote the activation of kinase proteins. 74 Regarding the HUA, it was already demonstrated the presence of several K + channels, such as small-conductance Ca 2 + -activated K + channels (SKCa), 2-pore domains K + channels (K 2P ) and inwardly rectifying K + channels (K IR ). While, on the other hand, the presence of intermediate-conductance Ca 2+ -activated K + channels (IK Ca ) or ATP-sensitive K + channels (K ATP ) is controversy, some studies report the protein presence, but the activity has never been measured. 6 The activation of the K + channels appears to be the main responsible for the vasorelaxation verified in SMC from HUA. The voltage-gated K + channels (K v ) can regulate the membrane potential in response to membrane depolarization; while large-conductance Ca 2+ -activated K + channels (BK Ca ) respond to changes of the intracellular Ca 2+ levels. 6, 12, 36, 70 Thus, it is notorious that more studies are needed regarding the functional role and expression of the K + channels in HUA to clarify the mechanisms envolved in the relaxation. It should also be noted that the expression and functionality of these channels may undergo changes in vascular pathologies or pregnancy-related pathologies, so further studies may be an important pharmacological target for the development of new treatments. 
Conclusion
The HUA is an excellent sample to obtain human SMC, allowing the study of different cellular mechanisms and their functions. The HUA does not have nerve endings, so the regulation of its tonus is completely dependent on the locally released vasoactive mediators, substances carried by the bloodstream and some ions, such as K + and Ca 2+ . Several studies demonstrated that some of these substances caused vasoconstriction in the HUA, such as 5-HT, His, bradykinin, endothelin 1, prostaglandin F2α and KCl. From the numerous vasoactive mediators released into the fetal-placental circulation, 5-HT is the most potent vasoconstrictor of the HUA, being the major responsible for the physiological closure of the HUA after childbirth. On the other hand, several authors described that some cardiovascular diseases may be associated with increased concentration of both His and 5-HT, as well as an increase in the sensitivity or reactivity of the HUA to these mediators, which may lead to a higher vascular resistance. Concerning vasorelaxation the main mechanisms are the activation of adenyl and guanil cyclases, K + channels and the inhibition of Ca 2+ channels. In summary, the elucidation of the precise mechanism regulating the contractility of this artery could be very important to detect potential therapeutic targets to treat HUA disorders, such as gestational hypertension and pre-eclampsia.
